The crystal structure of rat transthyretin (rTTR) complex with the dibromoflavone EMD21388 was determined to 2. 
a broad spectrum of biological activity and inhibit many enzymes [1, [3] [4] [5] [6] [7] . The synthetic dibromoflavone EMD21388 has been shown to inhibit topoisomerase I thereby impairing the formation of topoisomerase-DNA complex and to act as an antiproliferative agent [8] . It is also a potent inhibitor of iodothyronine deiodinase [9] and competes strongly for the binding of thyroxine to transthyretin (TTR) with a binding affinity of 20 nM [10] .
Transthyretin is responsible for about 20% of thyroxine transport in the human circulatory system. The functional unit of TTR is a homotetramer with molecular mass of about 55 kDa. Each monomer of TTR is a b-barrel composed of 127 amino acids arranged into eight antiparallel b-strands forming two b-sheets and a short helical fragment [11] . The central channel of the tetramer contains two binding sites of T4 or its analogues. Each binding site consists of three halogen-binding pockets: the inner most P3, middle P2, and P1 pocket near the channel entrance [12] . Human TTR (hTTR) crystallizes in an orthorhombic lattice with a dimer in the asymmetric unit [11] . The twofold symmetry of the channel results in a statistical disorder of the ligand binding in the hTTR channel [12] [13] [14] [15] . In contrast, rat transthyretin (rTTR), which has 85% sequence identity with hTTR, forms tetragonal crystals with the complete tetramer in the asymmetric unit [16] and no ligand disorder is observed. Therefore, detailed analysis of ligand interactions can be performed for the rTTR complexes. Structural data providing details of flavonoid binding in TTR have been reported for the hTTR-dibromoaurone complex [17] and preliminary data for the hTTR-EMD21388 complex [13] .
The aim of this work was to compare the details of EMD21388 interactions in rat TTR with those reported for dibromoaurone in the hTTR complex and to define the mode of flavonoid interactions with rat transthyretin. Full details of human and rat TTR binding with EMD21388 will be reported at a later date [18] .
EXPERIMENTAL
Rat TTR was incubated for 24 h with an excess of EMD21388 and crystallized at 293(1) K using the hanging drop vapor diffusion method from 55-65% ammonium sulfate, 0.1 M acetate buffer, pH 5.0. The rat TTR-EMD21388 complex crystallizes in the tetragonal space group P4 3 2 1 2 and is isomorphous with apo rTTR [16] .
The apo rTTR model [16] was used for the initial phasing. The parameter and topology files for the flavone molecule were prepared based on its crystal structure [19] and AM1 quantum chemical calculations [20] . The X-ray diffraction data were collected to 2.3 Å and divided into working (95%) and test (5%) sub-sets. The refinement was carried out with the X-PLOR [21] and CNS [22] programs with the maximum likelihood (ML) target function and bulk solvent correction applied. The ML s A -weighted electron density maps were calculated and the model was verified with the graphics program O [23] . The occupancies of the ligand were refined with CNS to 0. conformation of the flexible loops around residue 100 of all TTR monomers. The Ramachandran plot prepared with PROCHECK [24] revealed 86.4% of amino acids positioned in the most favored regions and the remaining 13.6% of residues in the additional allowed regions. The structure has been deposited with Protein Data Bank (PDB code: 1KGJ). A summary of the structure refinement is presented in Table 1 .
RESULTS AND DISCUSSION
The electron density revealed that in the A/C site EMD21388 is bound in two orientations (with a refined occupancy of 0.29 and 0.25 for Fl-129 and Fl-128, respectively) ( Fig.  2) . The flavone Fl-129 is bound closer to the tetramer center, while Fl-128 is shifted towards the channel entrance. Their relative orientations might be described as a rotation around the non-crystallographic twofold symmetry axis, combined with a 1.6 Å shift along the channel axis. In the B/D site, the ligand (Fl-328) is found in a single orientation with an occupancy of 0.40 (Fig. 3) . The position of Fl-328 in the B/D site is intermediate between those found for the flavone in the A/C site (Fig. 4) . Despite these orientation differences, all bromine atoms are positioned in both the P3 and P3¢ pockets of each binding site, whereas the benzo-g-pyrone ring of the flavone occupies the P1 pockets.
The most important binding interactions of EMD21388 are formed in the inner-most pockets P3. Bromine atoms of Fl-129 interact with polar groups of Ser-117 and Thr-119 (Table 2). Similar interactions for the dibromophenolic ring of Fl-328 were detected in the B/D site. Hydrogen bonds of the phenolic hydroxyl of Fl-129 and Fl-328 with the Ser-117 side chain are observed. Similar orientations of both Fl-129 and Fl-328 results in an analogous network of polar contacts formed to the surrounding amino acids in the P3 and P1 pockets. The observed 1.6 Å shift of the Fl-128 molecule towards the channel entrance (Fig. 4) prevents such polar interactions in the P3 and P3¢ pockets. Instead, the dibroVol. 48 Interactions of dibromoflavonoids with transthyretin 887 In all three ligand orientations the most important van der Waals interactions are formed in the P2 pockets between the C3* methyl group and Ala-108 CB and Leu-217 CD1. These interactions bridge the two TTR monomers constituting the binding site. Therefore, the presence of this methyl group of the ligand seems to be crucial for the effective EMD21388 binding and stabilization of the TTR tetramer. The EMD21388 ligand in the major population is shown in red (Fl129) and the minor population in yellow (Fl128). The forward binding of aurone in two different orientations has been described for each binding site of the hTTR-aurone complex [17] . Both orientations differ in the penetration of the binding site by 7 Å. In one of them, the aurone is bound close to the channel entrance and the model contains only the dibromophenolic ring of the ligand. Therefore this orientation is omitted from further discussion. The position of the second ligand is similar to that of Fl329 of this structure, with the bromine atom positions of both flavones nearly identical (Fig. 5) .
In the TTR complexes of dibromoaurone [17] and dibromoflavone [13] , the Ser-117 serines form hydrogen bonds with hydroxyl group O4' or O4* and bromine atoms of the ligands. However, the additional hydroxyl group in 2* position of dibromoaurone, not found in EMD21388, forms polar interactions with Thr-119 (Table 3 ) [17] . In the rTTR-EMD-21388 complex, the dibromoflavone does not form similar interactions. This results in significant differences in the side chain conformation of Thr-119 between the two complexes. Also significant differences in the netVol. 48 Interactions of dibromoflavonoids with transthyretin 889 The EMD21388 dibromoflavone in the major population is displayed in red (Fl129), in the minor population in yellow (Fl128), and dibromoaurone in cyan.
work of binding interactions are observed in the P1 pockets. The dibromoaurone molecule forms direct hydrogen bonds with both Lys-15 and Lys-415 amino groups [17] . Such interactions are possible because of the additional CH bridge between the ring systems of dibromoaurone (Fig. 1) . The lack of such a bridge in EMD21388 results in either a single direct interaction with Lys-15 (Fl-129) or an interaction mediated by water molecule (Fl-128). The difference in the ligand architecture is also reflected in the position of the dibromoaurone ring system closer by 2.3 Å to the channel surface than that of EMD21388. The ring system of dibromoaurone penetrates the cleft between Thr-106 and Lys-15 side chains, while EMD21388 is bound along the channel axis. However, the aurone molecule does not form any interactions bridging two TTR monomers with the hydrophobic interactions analogous to those described in the P2 pocket for the C3* methyl group of EMD21388. Therefore, the stabilizing effect of dibromoaurone seems to be smaller than for EMD21388.
CONCLUSIONS
In both binding sites of rTTR the EMD21388 ligand is bound in the forward mode with bromine atoms occupying the inner-most P3 pockets. In the A/C site of rTTR two orientations of the ligand were found. EMD21388 in the major population is bound along the channel axis, 1.6 Å deeper than the similarly oriented ligand of the minor population. In the B/D site, only a single ligand orientation was detected which corresponds to a position intermediate between the two populations reported for the A/C site. The interactions of the dibromophenolic ring formed in the P3 pockets by rTTR-EMD21388 are similar to those reported for the hTTR-dibromoaurone complex. The binding of the aurone in the P3 pockets TTR seems to be more effective because of the additional hydrogen bond of O2* hydroxyl with Thr-119, which has no equivalent in the EMD21388 complex. The interactions of both dibromoflavonoids with Lys-15 in the P1 pockets are similar. The EMD21388 flavone is positioned near the channel axis, while the benzopyrone ring system of the dibromoaurone ligand is bound in the cleft between Lys-15 and Thr-106, about 2.3 Å closer to the channel surface. However, EMD21388 forms bridging interactions between the TTR monomers via the C3* methyl group. Therefore, EMD21388 might better stabilize the TTR tetramer and prevent the amyloidogenic transformation, although its binding affinity is similar to that of dibromoaurone. 890 T. Muzio³ and others 2001 
